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ABSTRACT 
 Variations in terrestrial spectral irradiance on 
photovoltaic devices can be an important consideration in 
photovoltaic device design and performance. This paper 
describes three available atmospheric transmission 
models, MODTRAN, SMARTS2, and SPCTRAL2. We 
describe the basics of their operation and performance, 
and applications in the photovoltaic community. Examples 
of model input and output data and comparisons between 
the model results for each under similar conditions are 
presented. The SMARTS2 model is shown to be much 
easier to use, and as accurate as the complex MODTRAN 
model, and more accurate than the historical NREL 
SPCTRAL2 model.  
 

INTRODUCTION 
 
 The atmosphere acts as a continuously variable 
filter affecting the solar radiation propagating to the 
ground.  Atmospheric gases, aerosols and particles, water 
vapor and droplets (clouds), and various pollutants modify 
the distribution of solar energy with respect to wavelength. 
The result is a wide range of variation in the spectral 
distribution of natural sunlight. Spectral measurements in 
the field are expensive and labor intensive. 

There are a wide variety of photovoltaic (PV) 
material combinations and systems with varying spectral 
response functions. The combination of the variability in 
natural spectral distributions and spectral response 
functions make designing, evaluating, and predicting the 
performance of PV devices in the real world challenging.  

We briefly describe three models for generating 
spectral irradiance distributions for use in PV research, 
development, design, and deployment applications. We 
show the use of and issues associated with the models, 
and remark on their relevance to PV performance 
evaluation. 

 
THE ATMOSPHERE AND SPECTRAL MODELS 

 
 Modeling radiative transfer through an absorbing, 
scattering, and emitting medium has a long history [1]. 
Research into physical and optical properties of the earth’s 
atmosphere and their effect on the propagation of solar 
radiation has resulted in the definition of standard 
atmospheres. These include the United States Standard 
Atmosphere (USSA) of 1966, revised in 1976 [2], and 
supplemental atmospheric models [3]. Similarly, a wide  
 

 
 
 
variety of radiative transfer models of differing complexity 
have evolved.  
 One means of computing radiative transfer is 
Monte-Carlo modeling. Interactions of individual photons 
with the physical properties of the media are modeled 
using random processes. For accuracy, a large number of 
photons and iterative computations are needed at each 
wavelength. The BRITE model of Blättner et al [4] is an 
example. 
 Radiative transfer through an atmospheric path 
depends upon quantum properties of the atmospheric 
constituents. High resolution models using these quantum 
properties are called line-by-line or LBL models [5-7]. An 
example is Fast Atmospheric Signature Code (FASCODE) 
developed by the Air Force Geophysical Laboratory 
(AFGL)[7]. These models are for narrow bandwidth 
regions and require significant computational resources 
and storage space. LBL models access databases, such 
as HITRAN [8] consisting of quantum parameters many 
molecular species (more than one million spectral lines). 
LBL models are too complex and specialized for 
discussion here. 
 Less complex “band” models are simplified LBL 
models as described in [5]. Band models represent groups 
of absorption lines as transmittance functions of 
parameters such as absorber concentration, pressure, and 
absorption coefficients. MODTRAN (Moderate Resolution) 
and LOWTRAN (Low Resolution) developed by AFGL are 
popular, commercially available band models [9]. “Low” 
resolution corresponds to 20 wavenumbers (0.2 nm at 300 
nm to 32 nm at 4000 nm) and “moderate” resolution 
corresponds to two wavenumbers (0.02 nm at 300 nm to 3 
nm at 4000 nm). 

These models can address complex scenarios, 
including clouds, fog, smoke, many choices of standard 
and user defined aerosol properties, atmospheric structure 
for up to 33 different layers, and extraterrestrial spectra. 
They are designed to compute atmospheric transmittance 
between two points on or above the earth’s surface. The 
many combinations of input parameters and their 
interaction require a great deal of understanding by the 
user. Interpretation of the results is daunting as well. 
 Simpler models are based on parameterizations 
of transmittance and absorption functions for basic 
atmospheric constituents. These usually are molecular, 
Rayliegh, ozone, water vapor, and aerosol transmittances. 
An extraterrestrial spectrum is modified by the product of 
transmittance coefficients or functions and the path length 
and geometry to produce the transmitted solar spectral 
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distribution. Their spectral resolution is generally lower (on 
the order of nanometers) than that of complex models. 
 SPCTRAL2, the simple spectral model of Bird 
[10], SEDES2 (derived from SPCTRAL2) [11] and the 
Simple Model for Atmospheric Transmission of Sunshine 
(SMARTS2) of Gueymard [12] represent this approach, 
after Leckner [13]. These models require few input 
parameters. They are useful for engineering applications 
requiring less accuracy and resolution than complex 
models. In the next section, we compare and contrast the 
use of MODTRAN, SPCTRAL2 and SMARTS2 for PV 
applications. SEDES2 is a modified version of SPCTRAL2 
where cloud cover and measured broadband global 
irradiance is used to modify the clear sky SPCTRAL2 
model for use under cloudy skies. 
   

MODELING STANDARD SPECTRA 
 

Standard reporting conditions for PV device 
performance specify the standard reference spectra, 
American Society for Testing and Materials (ASTM) G-
159-98 [14]. These spectra are also used by the 
International Electrotechnical Commission (IEC)[15] and 
the International Standards Organization (ISO) [16]. The 
spectra were developed in 1982,and revised in 1987. 
They are based on the work of Bird, Hulstrom, and Lewis 
[17]. The spectra were computed using the BRITE Monte-
Carlo model for 122 individual wavelengths from 305 nm 
to 2500 nm. An undocumented simple modeI was used to 
extend the spectra to 4045 nm. It is not possible to re-
produce these spectra as the BRITE algorithm was coded 
specific to the (now obsolete) mainframe computer used. 
 BRITE was used to develop and validate Bird’s 
empirical SPCTRAL2 model. Both models used 1975 
aerosol profiles of Shettle and Fenn [18]. Here we show  
differences between the present direct normal spectral 
irradiance distribution and model results from SPCTRAL2, 
SMARTS2 version 2.9, and MODTRAN version 4. 
SPCTRAL2 inputs shown in table 1 produce an 
approximation to the G159-98 direct normal spectrum.  
 
Table 1. SPCTRAL2 parameters to approximate ASTM 
G159-98 Direct Normal Reference Spectrum. 

Parameter Value, Units 
Aerosol Optical Depth 500nm 0.27 
Angstrom Wavelength Exponent 1.14 
Fixed Ground Albedo 0.2 
Equivalent Depth Ozone 0.34 cm 
Equivalent Depth Water Vapor 1.42 cm 
Scattering Asymmetry Factor 0.65 
Angle of Incidence  11° 
Atmospheric Pressure 1013.25 mB 
Zenith Angle of Sun 
(Equivalent to Air Mass 1.5) 48.19° 

Day of Year 51 
Hour 12 H 
Minute 03 Min 
Latitude 40° N 
Longitude 105° W 
Fixed parameters in the model include the single 
scattering albedo (0.945), single scattering albedo 

humidity factor (0.095), aerosol asymmetry factor (0.65), 
and Ångstrom exponent (1.14). 

SPCTRAL2 computes the spectral irradiance at 
irregularly spaced wavelengths, not identical to those in 
the G159-98 reference. Since BRITE and SPCTRAL2 are 
different models, SPCTRAL2 does not exactly reproduce 
the reference spectrum but only an approximation to it.  
Deviations from the reference direct spectrum are actually 
large in water vapor absorption bands (see fig. 2).  

Inputs for SMARTS2 to approximate the direct 
reference spectrum are shown in table 2.  SMARTS2 is 
based on parameterizations of MODTRAN transmission 
functions, and results compare with MODTRAN spectral 
results to with ± 2% [12]. 

SMARTS2 version 2.9 permits the selection of 10 
default atmospheric profiles or a user specified profile; 
eight default aerosol optical depth profiles or a user 
specified profile; 36 spectral albedo files or a user defined 
albedo file; and six concentration levels (including user 
defined concentration of any or all) of 10 pollutant gases 
such as nitrous oxide and carbon monoxide. A “card deck” 
of no more than 30 lines specifies the scenario conditions.  
 
Table 2. SMARTS2 parameters to approximate ASTM 
G159-98 Direct Normal Reference Spectrum. 
SMARTS2 Parameter Value 
Pressure mode (1 = pressure and altitude) 1 
Station Pressure (mb) & altitude (km) 1013.25, 0.0 
Use a default atmosphere 1 
Default Standard Atmosphere Profile 'USSA' 
Default Water Vapor from Profile 1 
Default Ozone from Profile 1 
No pollution modifications (default to profile) 1 
Carbon Monoxide volume mixing ratio (ppmv)  330 
Gueymard Extraterrestrial spectrum 1 
Aerosol Profile to Use 'S&F_RURAL' 
Aerosol mode: optical depth at 500 nm 0 
Aerosol Optical Depth @ 500 nm 0.27 
Spectral Albedo file: Light Sandy Soil 38 
Specify tilt calculation  1 
Albedo file, Tilt, Azimuth  38, 37, 180 
Start, stop nm, radius vector, Solar Constant 280, 4000, 1, 1367 
Spectral output file print mode (Spreadsheet) 2 
Print limits, start, stop, minimum step size nm 280, 4000, 0.5 
Number of output variables to print 2 
Output 8 = Hemispherical tilt; 
            9 = direct normal + circumsolar 8, 9  

Circumsolar calculation mode  1 
Receiver Slope, View, Limit half angles 0,2.9, 0 
Smooth function mode (0 = none) 0 
Illuminance calculation mode (0 = none) 0 
UV calculation mode (0 = none) 0 
Solar Geometry mode (2 = Air Mass) 2 
Air mass value 1.5 

MODTRAN can be obtained directly from the 
AFGL, or with a windows user interface from Ontar Corp, 
Andover, MA. To approximate the reference direct normal 



 

 

spectrum with MODTRAN, version 4 we used the Ontar 
MODTRAN4 software with USSA 1976 atmospheric profile 
and the parameters indicated in table 3 for the first four 
input screens. Broken lines in table 3 indicate divisions 
between input screens. Figure 1 is an image of the fifth 
MODTRAN4 input screen describing the geometry and 
wavelength parameters for the model. 

MODTRAN4 generates a verbose output file 
(MODOUT1) and a terse spreadsheet compatible output 
file (MODOUT2), each is 3.0 MB to 3.5 MB in size. All 
computational results for every atmospheric layer and 
wavelength are saved in the verbose output. Only 
frequency (wavenumber) and radiance or irradiance data 
are saved in the terse file. The user must convert 
wavelength units from wavenumber to other units if 
desired.   

 
Table 3. First four input “cards” (separated by dashed 
lines) to approximate ASTM G159-98 Direct Normal 
Reference Spectrum for Ontar MODTRAN4. 
MODTRAN4 Parameter Value 
Calculation Option MODTRAN 
Correlation-K Speed [ dimmed ] 
Model atmosphere 1976 US Standard 
Type of Atmospheric Path Slant Path to Space 
Direct Solar Irradiance Model Execution 
Execute with multiple scattering [ dimmed ] 
Temp and Press Altitude Profile Default to Model 
Water Vapor Altitude Profile Default to Model 
Ozone Altitude Profile Default to Model 
Methane Altitude Profile    Default to Model 
Nitrous Oxide Altitude Profile Default to Model 
Carbon Dioxide Altitude Profile Default to Model  
Other Gases Atitude Profile Not Used 
Output File Options …to FILE8 
Water Vapor Column Choices Default for Profile 
Ozone Column Choices Default for Profile 
Use Default Band Model Checked 
CO2 Mixing Ratio 330 ppmv 
Solar Irradiance Source File Sun 2 
Top of Atmosphere Parameters Do not scale TOA Irr.  
Triangular Filter Width (cm-1) 50 
Aerosol Model Used Rural-Vis-23 km 
Seasonal Modifications Determined by Model 
Upper Atmosphere Aerosols Background Stratosph.
Air Mass … Navy Maritime Aerosol 0 [Default] 
Cloud/Rain Aerosol Extinction No Clouds/Rain 
Army VSA for Aerosol Extinction  [ unchecked ] 
Surface Range for Boundary Layer 
(NOTE: METEOROLOGICAL RANGE) 33.2 (km) 

Rain Rate 0.000  (mm/hr) 
Ground Altitude Above Sea Level 0.000 (km) 

Figure 2 shows the three model results and the G159-98 
direct normal spectrum between 300 nm and 1100 nm. 

MODTRAN4 requires a meteorological range of 
33.2 km, equivalent to a visual range of 25.5 km to 
approximate the reference direct spectrum. This is 
equivalent to an aerosol optical depth of 0.34, using 
current aerosol models. If a meteorological range of 23 km 
(equivalent to visual range of 21.5 km) is used, 
MODTRAN reports an aerosol optical depth of 0.27, as for 

the reference spectra. It is possible that in the original 
reference spectra computations that meteorological range 
and visual range values were reversed. 

 
Figure 1. Input screen 5 for Ontar MODTRAN4, user interface, 
specifying geometry and wavelength regime for scenario. 
 

 
Figure 2. Model approximations to the ASTM direct normal 
spectrum resulting from parameters in tables 1-3. Stipple 
gray line is MODTRAN4, black line is SMARTS2, squares 
mark SPCTRAL2, and circles mark the direct normal 
reference tabular data.  
   

PARAMETRIC STUDIES 
 

These models may be used to study the effects of 
various atmospheric conditions on terrestrial spectral 
irradiance. Figure 3 shows SMARTS2 direct normal 
irradiance for identical conditions at 0 km and 5 km. Figure 
4 compares SMARTS2 direct normal spectra under “light” 
and “heavy” pollution conditions. SMARTS2 and 
MODTRAN allow pollutant concentrations to be varied by 
the user.  

Similar studies using SPCTRAL2 could be 
approximated by manipulating aerosol optical depth alone, 
but spectral changes may not occur in the correct spectral 
regions. Spectral mismatch computations are 
straightforward; and much easier with the 1 nm step size 
and resolution of SMARTS2. Comparison with measured 
data can be done using MODTRAN or SMARTS2 by using 
smoothing functions with passbands to match the 
passband of instrumentation. 
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Figure 3. SMARTS2 Direct normal spectra at sea level (lower 
curve) and 5 km elevation (higher curve). Air mass=1.5, 
aerosol optical depth=0.15, water vapor=1.42 cm, ozone=0.34 
cm, Shettle and Fenn Rural Aerosol Profile, USSA 1976 
atmosphere, default profile-no pollution. 
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Figure 4. SMARTS2 direct normal spectra for light (top curve) 
and heavy pollutant concentrations with conditions as in 
figure 3 at sea level. 

CONCLUSIONS 
 

MODTRAN is complex to use and interpret and is 
not suitable to compute hemispherical total spectral 
irradiance. SPCTRAL2 lacks flexibility to model the effects 
of individual atmospheric constituents and pollutants and 
is less accurate than SMARTS2 when compared with 
MODTRAN. SMARTS2 requires fewer than 30 input 
parameters and it’s results are within 2% of MODTRAN4. 
SMARTS2 can address diverse albedo and atmospheric 
constituent scenarios. SMARTS2 is available for both IBM 
and Macintosh platforms. Government entities may obtain 
MODTRAN source code from the AFGL.  MODTRAN4 
with a windows user interface is available from ONTAR 
Corporation, 9 Village Way, Andover MA 01845. 
SPCTRAL2 and SMARTS2 are in the public domain and 
available from the authors. 
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